Abstract The thermophilic anaerobic metal-reducing bacterium Thermoanaerobacter sp. X513 efficiently produces zinc sulfide (ZnS) nanoparticles (NPs) in laboratory-scale (≤ 24-L) reactors. To determine whether this process can be up-scaled and adapted for pilot-plant production while maintaining NP yield and quality, a series of pilot-plant scale experiments were performed using 100-L and 900-L reactors. Pasteurization and N 2 -sparging replaced autoclaving and boiling for deoxygenating media in the transition from small-scale to pilot plant reactors. Consecutive 100-L batches using new or recycled media produced ZnS NPs with highly reproduciblẽ 2-nm average crystallite size (ACS) and yields of~0.5 g L −1
Introduction
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thioacetamide (Song et al. 2008) , thio sol-gel synthesis at 200°C (Ludi et al. 2011) , and ultrasonic spray pyrolysis at 700-1000°C (Bang et al. 2008 ). These inorganic processes usually require high temperatures or high pressures as well as toxic and expensive chemicals. In contrast, the microbial syntheses of metal sulfide NPs using Rhodobacter sphaeroides bacteria (Bai et al. 2006) , thermophilic anaerobic metal-reducing Thermoanaerobacter bacteria (Moon et al. 2014) , Saccharomyces cerevisiae MTCC2918 yeast (Mala and Rose 2014) , and biomimetic synthesis using glutathione (Wu et al. 2006 ) have been proposed as alternative green manufacturing technologies for low-cost, low-energy, and potentially scalable nanoparticle (NP) manufacturing (Jang et al. 2015b ). This approach has also been applied to elemental metals (Hennebel et al. 2011; Park et al. 2016 ) and metal oxides (Jain et al. 2013; Salunke et al. 2015) . Due to the reduced environmental impact and superior biocompatibility, the key application of bio-NPs also includes biomedical applications, especially anti-microbial applications and bioimages; for example, silver NPs (AgNPs) for wound dressings, bone cements, and implants; gold NPs (AuNPs) for diagnostic and therapeutic applications; and magnetic NPs for targeted drug delivery and hyperthermia applications (Schröfel et al. 2014) .
Our previous study reported that microbial processing could produce ZnS in a highly reproducible manner with less than 5 nm of average crystallite size (ACS) with consistent absorbance and emission properties when productivity was increased either by scaling-up reaction volumes to 24 L or increasing the concentration of dosed Zn 2+ to improve yield (Moon et al. 2014) . However, to our knowledge, the manufacturing demonstration of microbially mediated ZnS NPs in a pilot-plant scale reactor close to 1000 L has not been reported. The scale-up of bioprocesses can be extremely challenging, because the microbial kinetics and mass transfer properties in smallscale bioreactors may not correlate directly to large-scale reactors due to differences in mixing, transport, and heterogeneity (Villadsen et al. 2011) . Furthermore, production and product recovery methods used in small-scale processes may not be appropriate for large-scale processes due to cost, energy requirements, time constraints, or personnel safety.
Here, we demonstrate the upscaling of microbial NP synthesis from laboratory to pilot-plant scales. This study focused on (1) investigating the scalability of microbially mediated ZnS NP production in 100-L and 900-L bioreactors; (2) comparing the physical properties of NPs produced at small and large scales; and (3) adapting bioprocess technology to pilot-plant scales including sterilization and deoxygenation methods, pH control, and medium recycling.
Materials and methods

Installation of pilot plant reactors
The 100-L and 900-L fermentors (Stout Tanks and Kettles, Portland, OR) composed of stainless steel were installed ( Fig. 1) and equipped with engineering controls to protect workers and the environment from hazards associated with hazardous NPs with additional spill containment, air flow through HEPA filters, hydrogen sulfide monitoring alarm, heating and cooling lines with Swagelok quick-release fittings and insulators, and ergonomic lifting system (NIOSH 2013) . Detailed reactor installation with safety can be found in supporting information.
Medium and reactor preparation including modified sanitizing
ZnS NPs were synthesized using the anaerobic metalreducing thermophilic bacterium Thermoanaerobacter sp. X513 (Collection number, DSM 101870). The selected X513 strain has a bacterial population doubling time of 6 h (Roh et al. 2002) at 65°C compared to Escherichia coli of 30 min at 37°C that can cause diarrhea, urinary tract infections, respiratory illness, and pneumonia. Thermoanaerobacter X513 strain has several advantages including (1) a non-pathogenic thermophilic bacteria at 65°C; (2) no genetic manipulation; (3) survival under extreme condition exposed to Cd, Cr, Ni, U, and lanthanides (Madden et al. 2012; Moon et al. 2007a; Moon et al. 2007b) ; and (4) less chance of contamination at thermophilic temperatures.
Media used in this study were modified from TOR-39 medium (Moon et al. 2007a) ; the details of which were previously reported (Moon et al. 2014) . Various organic sulfonate pH buffers were used to grow X513 cells at an initial pH of about 8.0-8.2 and produce extracellular ZnS NPs. FS medium was prepared by reducing the NaCl concentration from 10 to 1 g L −1
, removing 30 mM NaHCO 3 , and titrating with 10 M NaOH to pH 8.2. FM medium was modified from FS medium by removing 7.2 g L −1 hydroxyethylpiperazine-N´-2-ethanesulfonic acid (HEPES) buffer, and titrating with 3-(Nmorpholino) propanesulfonic acid sodium salt (MOPS) buffer to pH 8.2. FC medium contained no NaHCO 3 or organic buffers (HEPES or MOPS); it was titrated with 10 M NaOH to pH 8.2, and additional 10 M NaOH was added during fermentation to neutralize organic acids produced by the bacteria. Autoclaving the 100-L and 900-L reactors to prevent contamination was impractical due to the reactor size and connectors. Instead, contamination was prevented by mixing deionized N 2 -purged water pasteurized at 65°C with autoclavesterilized concentrated medium (Fig. S1 ). We tested this plan by placing 1 L of nonsterilized oxic medium volume in a 1-L scale test result, and its application to the preparation of 100-L and 900-L reactors were described in supporting information.
Characterization
For pH measurements, an automatic pH titrator (Cole-Palmer) with a side-mount pH probe (Cole-Palmer) was used together with external analysis of removed samples using a pH electrode attached to a pH meter (Orion 815600 probe with Accumet XL500 meter, Fisher Scientific, Pittsburgh, PA). Cell densities were inferred from measurements of optical density using a visible spectrophotometer at 600 nm (Genesys 20, ThermoScientific, Waltham, MA).
Three-milliliter subsamples of growth medium were collected into anaerobic pressure tubes using a gas-tight syringe during the incubation. The concentrations of organic nutrients and fermentation products including glucose, lactate, formate, acetate, and ethanol were measured via a high-performance liquid chromatography (HPLC) (Vishnivetskaya et al. 2015) .
The solid precipitates were washed with deionized water ten times, combined with sonication. The phase identification and ACS were analyzed using an X-ray diffractometer (X'pert PRO, PANalytical, Natick, MA) after the peak breadths correction for instrumental broadening using a calibration curve based on LaB 6 powder data. The detailed procedures followed Moon et al. (2014) .
Elemental analyses of the freeze-dried ZnS samples were performed by Galbraith Laboratories (Knoxville, TN) on aciddigested samples using an inductively coupled plasma-optical emission spectrometer (ICP-OES). Fourier transform infrared (FTIR) spectroscopy measurements were carried out on the dry powders using a PIKE diamond crystal ATR on a Digilab FTS7000 FTIR spectrometer equipped with a DTGS detector, in the range of 600-4000 cm
. For the analysis of carbon and nitrogen in ZnS samples, the nanomaterials were oven-dried at 70°C and ground to a fine powder. Approximately 0.2 g of ground sample was analyzed using a TruSpec elemental analyzer (LECO Corporation, St. Joseph, MI). A standard of known carbon and nitrogen concentration (Soil lot 1010, LECO Corporation, carbon = 2.77 % ± 0.06 % SD, nitrogen = 0.233 % ± 0.013 % SD) was used to ensure the accuracy and precision of the measurements.
Colors of the freeze-dried NP solids were determined by visual comparison with the Munsell Soil Color Charts (X-Rite 2009). The absorbance of the ZnS NPs was characterized using a UV/vis/NIR spectrometer (Lambda 900, Perkin Elmer), and photoluminescence (PL) was measured using a customized Hamamatsu system excited by a HeCd laser (325 nm). All measurements were carried out at room temperature. Particle (aggregate) size determination (PSD) analysis by dynamic light scattering (DLS) used a ZetaPALS system (Brookhaven Instruments, Holtsville, NY). The ZnS samples were washed with deionized water followed by sonication using a 500-W, 3-mm tip-probe sonifier at 40 kHz for 5 to 30 min in an ice water bath prior to analysis.
Results
ZnS NP production in consecutive and multiple independent batches using a 100-L reactor A series of batch fermentations was performed in the 100-L reactor to determine whether ZnS NP production scaled linearly with batch size, identify an optimal concentration of ZnCl 2 for NP production, and test whether the aqueous medium could be reused in sequential batches by replenishing nutrients. The first ZnS batch from the 100-L pilot plant reactor used a higher ZnCl 2 dose (6 mM) compared to 5 mM in previous small batches. This large batch produced 63 g of ZnS NPs corresponding JCPDS 04-001-6857, which was close to the theoretical molar percent yield with respect to ZnCl 2 and similar to the percent yield from previous smaller batches (Moon et al. 2014 ).
This result indicated that increasing the ZnCl 2 dose and scaling up production to 100 L did not affect the ZnS precipitates. The second batch with an increased 7 mM ZnCl 2 dose resulted in a reduced 55-g ZnS yield. Therefore, we increased the incubation time during the third batch and refreshed the medium with the equivalent of 100 % ingredients using a concentrated solution for the fourth batch (Table 1) .
Four batches all exhibited discoloration and FS medium using HEPES buffer instead of MOPS. The FM medium recipe produced less discoloration (Table S1 ). To explore any potential reducing organic products, we also examined medium compositions with various yeast extract (that can residue amino acid on the NP surface) and ammonium chloride concentrations and salinity in the pressure tube-scale experiment (Fig. S2) .
Multiple independent batches in the 100-L reactor were prepared using fresh FS medium to test process reproducibility. These replicated fermentations exhibited very similar ZnS yields and small ACS (Table 2 ), compared to the lower yields and variable ACS from the consecutive runs described above (Table 1 ). The first and second batches produced 50.2 and 53.4 g of ZnS as the usual, light-colored product (Table 2 ). An experimental artifact due to glucose caramelization during autoclaving caused a decreased yield in the third batch. Optical densities of the X513 bacterial inocula grown for 24 h were 0.17 ± 0.02 for the first and second batches, but only 0.11 ± 0.06 for the third batch. Therefore, the reduced microbial biomass in the third batch produced less hydrosulfide, resulting in a lower yield of ZnS.
ZnS production in a 900-L pilot plant reactor
The first batch in the 900-L pilot plant reactor was initiated by filling the reactor with >700 L of distilled and deionized water (>18 MΩ) and pasteurized at 65°C for 1 week. The remaining volume was filled with autoclaved and degassed deionized water and condensed sterile media using a nitrogen gasflushed anoxic connector, using positive pressure applied to the headspace. The same procedure used for the 100-L scale reactor was followed when the reactor solution temperature reached 65°C, except 4 mM thiosulfate was used for the first batch, and 5.33 mM was used for the second batch, to reduce excessive hydrosulfide formation. After 48 h of growing X513 bacteria to allow H 2 S development, the solution was dosed with a ZnCl 2 stock solution to a 5 mM concentration. After 24 h, a milky suspension formed in the reactor, consistent with the targeted ZnS product (Fig. S3) .
At first, the precipitates acted like a slurry and exhibited a pinkish brown color during harvesting and washing. The shallow 45-degree slope of the reactor cone caused NPs to accumulate before reaching the port on the bottom. The larger reactor was also difficult to cool rapidly due to the high heat capacity of the medium and liquid in the external jackets under the insulator as well as the reduced surface area-to-volume ratio. A 48-h air-cooling process only reduced the temperature to 30°C, resulting in some cellular metabolism and H 2 S accumulation or production. A small subsample exhibited a much brighter color ZnS product when abrupt cooling and nitrogen gas purging were deployed to suppress microbial activity and accumulation of H 2 S. The discoloration might have come from enriched cells and organic residue produced during the prolonged incubation, as well as oxidation of the excess hydrosulfide during product separation and washing. The ZnS nanocrystals continued to grow in this reaction, producing a ZnS product with an ACS of 8.8 nm compared to the conventional 2-3 nm size. The yield was~275 g after freeze drying, which was only 61 % of the expected scale-up yield of 450 g based on results from small-scale and 100-L scale experiments described above. A refrigerated cooling system was used for the second batch in the 900-L reactor. To terminate cell growth and slow biochemical reactions, the system was cooled from 65 to 5°C overnight. This process switched the circulating water bath heating unit to a cooling unit by replacing hot water in the circulating bath with refrigerated water (<4°C), adding ice packs to the bath to keep the temperature below 40°C, and purging the fermenter system with a high-flow rate of nitrogen for 3 days to displace hydrogen sulfide gas. This batch produced a condensed NP slurry with 250 % greater volume of 15 L compared to 6 L from the first batch. The ACS of ZnS from five dispensed samples was 3.0 nm, which was within the normal range of 2-3 nm at smaller scales. The full batch produced 322 g of ZnS (72 % of theoretical yield) despite adding only 33 % new nutrients to the recycled medium at the beginning of the second batch.
Controlling pH without organic buffers in a 100-L reactor
A new method controlling pH using only NaOH was successfully demonstrated to produce silver-doped ZnS (5 and 10 % ZnS:Ag) and pure ZnS to reduce the production cost and improve the quality of NPs. An internal pH probe was installed at the base of the 100-L reactor, and the growth medium was stirred at~40 rpm. Nanoparticles and hydrosulfide can block the probe junction and foul pH electrode probes. Therefore, samples were regularly removed from the reactor for comparative external pH measurements. For the first batch, the pH was measured and titrated regularly at 1-2 h intervals using both the internal and secondary external probe measurements. The fluctuation of pH resulted in 6.5 ± 0.3 nm ACS of 5 % ZnS:Ag with a dry weight of 22.3 g with dosing 5 mM of Zn and Ag. For the second batch, we continuously added 0.1-0.3 mL min −1 of 10 M NaOH solution using a peristaltic pump; the rate of addition was varied depending on external pH measurements recorded every 30 min for 36 h (Fig. 2) . The low optical density was likely derived the modified minimal growth medium of low NaCl concentration (0.1 %) rather than the optimum 3 % (Roh et al. 2002) . The reduced NaCl lowered the sodium concentration in order to shorten the washing process of the large NP volume. Appropriate increases to obtain higher cell density will be pursued separately. The second batch with stabilization of pH and an increased silver doping rate resulted in smaller NPs with 2.2 ± 0.1 nm ACS of 10 % ZnS:Ag using XRD. Transmission electron microscope (TEM) images (Fig. 3) showed aggregates of this biogenic 10 % ZnS:Ag NPs with average size of 1.9 ± 0.5 nm (N = 441), and efforts are underway to reduce aggregation (Jang et al. 2015a; Jang et al. 2015b) . The fact that an Fig. 2 Profiles of external pH measurement, 10 M NaOH addition, and optical density at 600 nm during the 100-L reactor syntheses of 10 % ZnS:Ag (dosing 5 mM total cations). For reference, previously measured H 2 S concentrations are shown (Moon et al. 2013) increased doping ratio resulted in NPs with a smaller ACS agrees with the previous magnetite synthesis with Zn, Mn, Co, and Ni doping (Moon et al. 2010b; Moon et al. 2007a) and the smaller particle size of ZnS:Cu NPs compared to pure ZnS under the same conditions (Song et al. 2008 ). The yield substantially increased to 57.1 g of dry weight. ZnS:Ag (10 %) was expected to be 4.3 % heavier than the pure ZnS; therefore, this yield was consistent with previous ZnS yields of 51.8 g (average of two runs). Maintaining the pH with inexpensive NaOH titration reproduced results using organic pH buffers at less than 3 % of the chemical cost.
The third pH-titrated batch produced pure ZnS in the 100-L reactor, yielding 27.9 g ZnS of 2.3 ± 0.1 nm ACS. The production rate after freeze-drying approached only~60 % of the expected yield. Sodium hydroxide was added automatically according to the schedule used for the second batch; however, the pH exhibited an unexpectedly high peak between 12 and 24 h during overnight cell growth. After that, the pure ZnS synthesis profile was similar to the 10 % ZnS:Ag batch: the pH gradually decreased to the ideal range of 6.8-7.0 for dosing ZnCl 2 stock solution to make small ACS ZnS NPs (2-3 nm). The required volume of 10 M NaOH solution was also reduced by 23 % from 189 to 145.8 mL. A qualitative sedimentation experiment (Fig. S4) using ZnS from the NaOHtitrated batch demonstrated improved potential for dispersion compared to organic-buffered ZnS.
ZnS characterization
To confirm the reproducibility of the chemical composition and to characterize several trace element impurities, we selected representative samples according to (i) reactor size; (ii) mode of pH control (organic buffers or titration with NaOH); (iii) medium recycling; and (iv) changing the washing water/solid ratio ( Table 3) . One of the dominant metal impurities was iron (Fig 4a) ; the highest concentrations appeared in the first batches produced using 100-L and 900-L pilot plant reactors composed of stainless steel. In subsequent batches, iron was present at a consistently low level indicating removal of excess Fe and passivation from the reactor, rotor, and tubing surfaces. Low levels of metal contamination can also be introduced by impurities in reagent chemicals or yeast extract (30-60 mg L −1 iron; BD Biosciences). The purities of chemicals used to make basal medium, vitamin, and mineral solutions in media varied from 97 to 99.5 %. Most transition metals including Co, Cu, Mn, and Ni were more abundant in nanoparticles from stainless steel reactors than glass as expected (Fig. 4b ), but the two anomalous peaks of Cu and Ni likely seem to be artifacts caused by serial digestion/dilution and high detection limits (close to 90-100 mg/kg). The concentration of sodium in the biological growth medium was at least 20,000 mg L −1
, but sodium was easily reduced to 100 mg L −1 . Treatment by sonication and washing could further reduce sodium levels by half (Fig. 4a) . The ideal Zn content should reach 67.1 wt.%, and ZnS samples produced from fresh media and pilot plant reactors exhibited higher concentrations (55.3 %) than those from small bench-top scale reactors (46.3 %) (Fig. 4c) . Nevertheless, Zn measurements have a high level of uncertainty due to errors propagated from extensive serial dilutions of the acid-dissolved NPs. Generally, ZnS NPs prepared using the same protocol of a single ZnCl 2 dose without any surfactant have similar ACS values of 2-5 nm, but the crystallites aggregate to form particles larger than 1 μm (Moon et al. 2014 ). Both ZnS samples from batches 6 (conventional FM medium in 900-L) and 7 (pH-titrated with NaOH in FS medium in 100-L) in Table 3 exhibited~2 nm ACS from XRD patterns but exhibited 3.63 μm and 53 nm aggregated particle size by DLS analysis, respectively. After a brief treatment by sonication, a large fraction of ZnS NPs produced using the NaOH titration method remained suspended for well over 10 days (Fig. S4) . However, particle size and dispersivity were not proportional to the total C and N on the surface. The total carbon concentrations in batches 6 and 7 ZnS samples were 0.83 and 2.03 %, and the total nitrogen values were 0.27 and 0.76 %, respectively.
Organic compounds on the NP surfaces were characterized by FTIR analysis. Regardless of synthesis conditions, FTIR spectra (Fig. 5 ) exhibited similar bands except the analysis of ZnS synthesized from FM medium identified various small peaks between 1120 and 820 cm −1 , which could be associated with stretching vibrations from the cyclic ether of MOPS buffer. The stretching and bending modes of water formed broad peaks at 3300 and 1645 cm −1
. The stretching modes of methyl (CH 3 ) and methylene (CH 2 ) groups overlapped with broad water peaks at 2960 and 2922 cm The FTIR analyses did not identify any differences in surface characteristics that explain the observed NP aggregation (Moreau et al. 2007 ). The approach using a pH titration with NaOH produced ZnS NPs that had similar absorbance and PL to ZnS NPs using more expensive organic buffers (Fig. 6) . The PL (λ exc = 325 nm) exhibited a very similar broad peak owing to the surface defects regardless of buffers, even though NaOH-titrated medium produced ZnS at 2 % of the organic buffer cost. In contrast, the absorbance of ZnS from NaOH titration with smaller background over 350 nm likely indicated less defects in the surface structure or low matrix on the surfaces.
Medium characterization
The Thermoanaerobacter cells grow using fermentation (decomposing glucose to acetate, lactate, ethanol, and CO 2 ) and anaerobic respiration (oxidizing glucose to CO 2 and reducing thiosulfate to hydrosulfide). Figure 7 shows the representative conversion of glucose into fermentation products that cause a decline in pH in all batches. There was no change in the recycled media containing residual fermentation products, hydrosulfide, and excess ZnCl 2 during Fig. 4 Elemental analysis using ICP-OES measured a iron and sodium, b trace elements, and c zinc compositions from biologically produced ZnS NPs. The dashed line indicates the theoretical composition of pure ZnS. The experimental conditions 1 through 7 are described in Table 3 Fig . 5 Fourier transform infrared spectroscopy analysis of the ZnS nanoparticles formed by Thermoanaerobacter sp. X513 cells grown in media with various pH controls: ZnS from a FM medium (MOPS buffer) and b FS medium (HEPES buffer), c 10 % ZnS:Ag (NaOH titration), and d ZnS (NaOH titration) incubation, indicating no microbial activity. Batches that produced ZnS NP yields close to the theoretical yield were well buffered with HEPES or NaOH titration, and they produced more ethanol than lactate and acetate. In contrast, cells grown in continuous FM media using MOPS produced more lactic and acetic acids.
We also analyzed dissolved and gaseous phases using HPLC and GC (Fig. 8a ) from small batch incubations of bacteria under various stress conditions (Table 4) . Carbon recovery values were high, even though we did not account for the yeast extract consumed and bacterial biomass produced (Fig. 8b) .
Discussion
Cells growing in a 100-L reactor produced high-quality ZnS NPs at close to theoretical yields, confirming the efficiency of upscaling this process to large reaction volumes. Pasteurization effectively prevented contamination of this thermophilic process, and gas sparging provided the anoxic conditions required for thiosulfate reduction at a large scale. We drew several conclusions from the results from consecutive 100-L pilot plant reactor run (Table 1) . First, recycling media in consecutive reactor runs resulted in progressively lower yields, even with the replacement of ≥30 % fresh deionized water and ≥60 % ingredients. Second, the ACS of the product varied, depending on changes in conditions as well as the harvesting efficiency of NPs from the reactor. Suspended fine ZnS NPs in the remaining spent medium would lead to a larger crystallite size in subsequent batches, because they acted as seeds. Also, excess dissolved zinc in the recycled medium suppressed bacterial growth during the initial phase of subsequent batch reactions. These results were quite different from previous magnetite syntheses in a 30-L reactor using ≥120 mM akaganeite iron and reusing medium up to six times with supplementation Fig. 6 Comparison of absorbance and photoluminescence (λ exc = 325 nm) spectra from ZnS NPs produced using conventional organic-buffered media or NaOH-titrated media Fig. 7 Measurements of glucose, fermentation products, and pH in samples removed at key stages of cultivation in pilot plant reactors. Sample 1 represents the initial, basal medium; 2 indicates the reaction mixture after nutrient addition and inoculation with bacteria (0 h); 3 indicates the ZnCl 2 dosing point after hydrosulfide development (48 h); and 4 indicates the harvest or product recovery (72 h) (Moon et al. 2010a) . Iron exhibits less toxicity than ZnCl 2 or hydrosulfide, which suppresses microbial activity at 8 mM (Okabe et al. 1995) . Also, the efficient magnetic separation of magnetite reduced the quantity of seed particles that carried over into subsequent batches. Third, the final product was much darker than previous ZnS products. This discoloration was associated with the water quality (distilled and deionized water of >18 MΩ cm −1 vs. singly distilled water), the degree of deoxygenation (autoclaving vs. sparging), and the selection of organic buffers.
Multiple independent batches using fresh medium in the 100-L reactor produced ZnS NPs with a narrow crystallite size distribution and consistent production yields.
The 900-L batch identified new scale-up issues that were not observed in the 100-L batches. The accelerated cooling and N 2 purging suppressed the production of excess hydrosulfide and prevented contamination of the final product during the recovery process. A 900-L pilot plant reactor produced~320 g ZnS NPs operating under non-optimized conditions with recycled medium. The NPs produced in this reactor would be sufficient to fabricate a ZnS thin film with 120 nm thickness over 0.5 m width × 13 km length.
Therefore, these 100-L and 900-L tests confirmed that microbially produced ZnS NPs can be produced using an alternative biomanufacturing process in quantities sufficient to supply NPs for thin film fabrication and device production. Although automatic pH measurement and titration was difficult in a hydrosulfide-rich environment, we concluded that the quality of ZnS NPs was improved at the pilot plant scale by closely controlling pH without organic buffers and tight pH control with NaOH can support a high production yield while reducing the buffer cost by ≥98 % occupying more than 50 % of material cost for medium (Fig. 9) . One of the most advantageous factors of biosynthesis is the low cost. For example, conventional inorganic syntheses utilize expensive reduced phase components; in contrast, biosynthesis uses inexpensive oxidized phase ingredients. Biological reducing force utilizes microbial respiration with sugar instead of hydrazine or cysteine (Table 5 ). This may lead to more than one order of magnitude lower production cost compared to conventional inorganic syntheses. The pilot plant reactor allowed facile pH control using 10 M NaOH, which was rapidly diluted to non-toxic levels. Also, a scaled-up reaction usually allows greater robustness and a higher production rate. For example, in Fig. 8 10-mL batch cultures, one drop of concentrated metal stock solution can inhibit microbial activity. However, dropwise dosing with 500 mL of a metal stock solution into 100-L and 900-L reactors with stirring resulted in negligible shock. The pH-titrated ZnS showed similar ACS with smaller particles sizes and improved dispersivity, which was similar to our previous post-treatment results obtained with nitrilotriacetic acid and sonification (Moon et al. 2014 ). This implied that organic pH buffers could have promoted aggregation. Absorbance and PL measurements of the pilot plant NPs exhibited less defects in surface structure.
While fermentation acidifies the medium, sulfide production consumes protons and raises the pH, although acidification typically precedes sulfide accumulation in these systems (Fig. 2) and maintaining a pH close to neutral promoted ZnS NP formation. Only the CO 2 concentrations in the headspace significantly differed among samples (Fig. 8a) : the Zn dosing caused a significant decrease in microbial activity due to its toxicity. The electron equivalents recovered in fermentation products were significantly decreased by the addition of thiosulfate or Zn (Fig. 8b) . This likely indicated a shift from fermentation towards anaerobic respiration using thiosulfate. The current pilot plant manufacturing demonstration using 100-L and 900-L bioreactors showed that microbial synthesis is a promising, environmentally benign technology to produce homogeneous, reproducible, and high-quality NPs for commercial applications. 
